1. Introduction {#sec1}
===============

The importance of the RV systolic function has been recognized in many cardiovascular diseases and cardiac surgery. In clinical practice, echocardiography is widely used, noninvasive, and cost-effective technique. It could be the best modality choice to give a better understanding of the right ventricular morphology and function analysis \[[@B1]\]. The RV anatomical complexity and its geometrical asymmetric shape make automatic extraction of RV endocardial contour a difficult task, and, thus, it is still a great challenge for most researchers, especially in the field of computer aided diagnosis (CAD) \[[@B2]--[@B5]\]. An accurate quantification analysis of the RV function is an important diagnostic parameter and largely depends on how the RV cavity successfully segmented based on endocardial contour extraction in complete cardiac cycle. For many years, most of the studies focused on the assessment analysis of the left ventricular (LV) morphology and function, which overshadowed that of RV analysis \[[@B6]\]. Currently, in most medical imaging applications, segmentation is one of the essential steps used for clinical measurement, feature extraction, and 3D visualization \[[@B7], [@B8]\]. Moreover, it is one of the important challenging issues for most researchers in the field of diagnostic of the heart abnormality. In most reviewed literatures, a number of RV automatic and semiautomatic segmentation methods have been presented for MRI \[[@B9]--[@B13]\]. The important objective in most methods is to develop the segmentation process by distinguishing the image into distinct regions (i.e., ventricular cavity and myocardial wall tissue) \[[@B36], [@B37]\]. In echocardiography images, thin walls, heavy trabeculation, and no simple geometric shape that approximates to the RV are factors that make determining the cardiac structure of the RV cavity very difficult. Due to these characteristics, not many researches have attempted to tackle this topic \[[@B14], [@B15]\], while a wide variety of LV segmentation techniques have been proposed as automatic and semiautomatic \[[@B16]--[@B19]\]. Nandagopalan et al. \[[@B20]\] proposed an automatic approach for segmentation and ventricular border detection that combined *k*-means clustering and active contour model. In the proposed approach, the ventricles cavities segmentation of LV and RV are based on many calculations. A new automated segmentation technique has been presented by Katouzian et al. \[[@B11]\] for detecting endocardial and epicardial borders for LV and RV in magnetic resonance imaging (MRI).

The anatomical complexity and asymmetric shape of RVs make accurate automatic detection of endocardial contours through complete cardiac cycle an extremely challenging task. Over the years, a considerable amount of quantitative echocardiographic information has been made public such as cardiac anatomy, chamber diameter and volume, wall thickness, valve, and ejection fraction. The interest to the practicing physician is that if the endocardial border has been accurately approximated then the chamber cross-sectional area can be estimated. Therefore, in most literatures, many clinical parameters have been developed to determine the RV function using 2D echocardiography, such as TAPSE, Tei-Index, strain, and speckle tracking \[[@B22], [@B23]\]. Most approaches require delineation of the inner surface (endocardial contour) of the RV cavity area, which is manually selected by expert for accurate measurement. However, current procedures are time consuming, often requiring several minutes to obtain an accurate estimation of an endocardial contour. Clinically, in many cases, time is of the essence in assessing the status of patients, where decisions on what medical procedure to take could be made without sufficient information \[[@B24]\]. Therefore, automation is desirable so that the appropriate information can be obtained faster (in this case the RV boundaries). Accordingly, in many studies, the endocardial surface boundary detection is found semiautomatically for LVs, and the same approach is still used for RVs to aid the volume calculation \[[@B25]\].

Recently, the developments in real-time 3D echocardiography (RT3DE) have allowed RV images to be viewed more comprehensively, where views of all portions of its asymmetric shape is made possible, allowing accurate assessment in a reproducible and rapid manner \[[@B26]\]. In the past, acquisition of RV echocardiographic data was very difficult due to its anterior position, complex geometry, and thin wall with prominent trabeculations. In the literature, RT3DE is reported to determine RV volumes and ejection fraction (EF) \[[@B27]--[@B31]\]. To the best of our knowledge, automated contour extraction of right ventricular endocardial has not been attempted for 3D echocardiography. The main goal of the proposed method is to segment the RV cavity area based on endocardial contour extraction over a complete cardiac cycle using 4-slices of 3D echocardiography. Assuming that the RV endocardial contour has been extracted accurately, this automated segmentation process can be a very useful diagnostic tool for assessing the RV systolic function, both qualitatively and quantitatively. In addition, the automated extraction of the RV endocardial contour would improve the reliability of the quantitative analysis by eliminating the subjectivity of manual tracing. In particular, it could be a significant prognostic factor for regional ventricle abnormality, congenital heart disease, and even cardiac surgery.

2. Echocardiography Dataset Preparation {#sec2}
=======================================

Echocardiography is the application of diagnostic ultrasound imaging to the heart. It has been received in the evaluation of cardiac disease and in characterizing the structure and function of the heart. One advantage over other imaging modalities is its ability to generate real-time images of anatomy without using ionizing radiation. Conventionally, RV echocardiographic data acquisition is very challenging due to its anterior position, complex geometry, and morphology with prominent trabeculations. In our work, all datasets of 3D echocardiography were obtained from a Malaysian hospital, IJN (National Heart Institute). Four stages of dataset preparation process are required; firstly, a live 3D full volume dataset encompassing the RV were acquired using a matrix array X2-7t transducer (TEE). In the second stage, all the acquired 3D datasets were transferred from the online medical system "Philips" directly to an "Xcelera" server in the offline workstation by running QLAB software. In the third stage, the 3D RV full volume dataset was viewed as orthogonal slices using the "MPR" mode (multiplanar reconstruction) and 3D quantification (3DQ) plug-in. Hence, 4-slices from 3D full volume encompassing RV in long-axis view are identified based on inflow-outflow view using "2 × 2 iSlices" plug-in. Finally, these 4-slices were stored individually as videos with complete cardiac cycle in AVI format. Then, each video was converted to a fixed number of frames (*F*1, *F*2, *F*3, ..., *Fn*) according to frame rate, where each frame is represented as a BMP image. The 4-slices dataset preparation from 3D echocardiography full volume is presented in [Figure 1](#fig1){ref-type="fig"}.

3. The Proposed Method {#sec3}
======================

In this study, the main aim is to propose an accurate and robust method of the RV endocardial contour extraction over complete cardiac cycle. The greatest challenges in determining the cardiac structure of RV echocardiographic images are the thin walls, heavy trabeculation, and no simple geometric shape that approximates to the RV. Toward this aim, four processing phases are performed and each phase comprised two main stages. [Figure 2](#fig2){ref-type="fig"} demonstrates the overall framework of semiautomatic method for RV endocardial contour extraction.

3.1. Region of Interest Identification {#sec3.1}
--------------------------------------

In medical imaging, this stage is used to reduce the effort required by identifying the region of interest ROI successfully which currently is the RV cavity. The ROI identification can minimize the time needed to analyze data from image content by extracting the object in demand from an undesirable background. The complex anatomy of the RV structure causes some problems, especially when the cavity area includes the papillary muscles (i.e., these muscles are attached to the tricuspid valve and are responsible for valve movement) and the trabecular tissue. Therefore, to overcome these anatomical difficulties through ROI identification process, a new algorithm was proposed using two procedures of RV cavity centre point (RVCCP) determination and cavity boundary estimation.

### 3.1.1. RVCCP Determination {#sec3.1.1}

Due to the asymmetric shape of the RV, no standard guidelines can be followed to determine the cavity centre point over a complete cardiac cycle. Traditionally, reliable RVCCP estimation is done by experts such as cardiologists or cardiac technicians. An initial centre point *C* ~*i*~ is manually marked by the expert at the end-diastolic (ED). In the context of our method, *C* ~*i*~ is considered as a reference point and its (*x*, *y*) coordinates are defined in two scalars *X* ~*c*~ and *Y* ~*c*~. An initial ROI~*i*~ is defined around the RV cavity based on the reference centre point *C* ~*i*~. This ROI~*i*~ is a square with an offset of 150-pixels from the origin. Specifically, this is defined as (*X* ~*c*~ − 150, *Y* ~*c*~ − 150) and (*X* ~*c*~ + 150, *Y* ~*c*~ + 150), as shown in [Figure 3(a)](#fig3){ref-type="fig"}. Each pixel intensity *I* (*x*, *y*) within the initial ROI is saved in a new 2D matrix, and *x*, *y* are the spatial coordinates of the pixels in the new image. Then, the reference center point *C* ~*i*~ and ROI~*i*~ will be subjected for next procedure of cavity boundary estimation. In addition, to determine the next RVCCP for the remaining frames, the mean value of *x*, *y* coordinates will be considered as a reference centre point for the extracted current ROI.

### 3.1.2. Cavity Boundary Estimation {#sec3.1.2}

To successfully identify the remaining ROI~*s*~, an automated technique is proposed for cavity boundary estimation. It is based on the RVCCP and geometrical distance calculation (GDC) algorithm. Several steps are required and explained as follows.

*Step*   *1*. Consider the current centre point $\acute{C}(x,y)$ as a reference*RVCCP.*

*Step*   *2*. Compute theaverage value of pixels intensities within the initial ROI~*i*~. This will be considered as the local-threshold value *L* ~*T*~.

*Step*   *3*. Let $\acute{p}$ be the pixel intensity value and start a loop of pixel-by-pixel comparison from the centre point $\acute{C}{\,\,}(x,y)$ in eight-directions, as seen in [Figure 3(b)](#fig3){ref-type="fig"} with *L* ~*T*~ value until $\acute{p}$ \> *L* ~*T*~.

*Step*   *4*. Then, eight-points were detected and estimated to the RV inner surface boundary which will be saved as scalar ${\underset{\_}{B}}_{k}$.

*Step*   *5*. Identify the geometrical distances of the RV cavity diameters from vertical (V), horizontal (H), and two-diagonal orientations (*G* ~1~ and *G* ~2~), respectively. All distances are computed as total number of pixels in each direction from the centre point to the estimated border point ${\underset{\_}{B}}_{k}$, and the values are saved as scalar *D* ~*k*~ where *k* = 1,..., 8, as illustrated in [Figure 3(c)](#fig3){ref-type="fig"}.

*Step*   *6*. Determine the maximum length of these eight geometrical distances as a constant value: *m* = {max⁡\[*D* ~*k*~, *D* ~*k*+1~,..., *D* ~8~\]}. Then, *m* value will be used for ROI identification in next step.

*Step*   *7*. The new ROI is identified as a square in size from the corner at (*X* ~*c*~ − *m* − 50, *Y* ~*c*~ − *m* − 50) to the corner at (*X* ~*c*~ + *m* + 50, *Y* ~*c*~ + *m* + 50), which represents the closest area around the current RV cavity. Thus, all pixel intensities within this ROI are saved in a new image $\overset{˙}{\acute{S}}$ for next processing.

As mentioned earlier, the complex anatomy of the RV cavity structure causes two main problems, the papillary muscles and the trabecular tissue. Despite these cavity anatomical complexities, the ROI of RV cavity over complete cardiac cycle has been determined accurately and precisely as presented in [Figure 4](#fig4){ref-type="fig"}.

3.2. Pre-Processing {#sec3.2}
-------------------

A preprocessing phase is one of the fundamental issues in the field of medical image analysis. It is very important to obtain accurate observation for feature extraction, recognition, and quantitative measurements. Therefore, the principle objective of preprocessing is to increasing the consistency and reliability for clinical measurements. For this purpose, two processing tasks were implemented on gray-scale of image $\overset{˙}{\acute{S}}$ for speckle noise reduction and contrast enhancement.

### 3.2.1. Speckle Noise Reduction {#sec3.2.1}

In this work, Gaussian filter has been used as a smoothing operator and performs a weighted average of surrounding pixels based on the Gaussian distribution. The Gaussian operator generates a matrix of matrix of values *G*(*x*, *y*) that are applied togroups of pixels in the image. These matrix values can be defined by the following 2D Gaussian equation: $$\begin{matrix}
{G\left( {x,y} \right) = \frac{1}{2\pi\sigma^{2}}\exp\left\{ {- \frac{x^{2} + y^{2}}{2\sigma^{2}}} \right\},} \\
\end{matrix}$$ where Sigma *σ* is the standard deviation of the distribution and defines the amount of blurring and also the degree of smoothing. The filtered image could be even smoother when high sigma *σ* values are used, but the difficulty is that it requires significantly more calculations per pixel.

### 3.2.2. Contrast Enhancement {#sec3.2.2}

The main aim of contrast enhancement in echocardiography images is to improve the quality and appearance of an image for visual interpretation and gain a better understanding of the imagery. There are a variety of image enhancement methods based on pixel and local image enhancement operations. The percentage linear stretch contrast is one method of point operations and is used for highlighting the regions of interest. In this study, this method was improved by generating a contrast factor automatically based on local variation of pixels intensities according to the mean and standard deviation values. Hence, the contrast factor is capable of controlling the contrast adjustment percentage of image intensity values. More specifically, it is used to highlight the myocardial wall tissue and darken the RV cavity region by manipulating the image brightness. Practically, all pixel intensity values in an input image are modified into new values in an output image independently using $$\begin{matrix}
{h\left( {i,j} \right) = \text{INT}\left\{ {\frac{255}{\left( {{Max} - {Min}} \right)}\ast\left\lbrack {G\left( {i,j} \right) - {Min}} \right\rbrack} \right\},} \\
\end{matrix}$$ where *G*(*i*, *j*) are the grey level intensitiesinthe smoothed image and *h*(*i*, *j*) is the output result of the new pixel intensity that is normalized in the range (0--255). Two values, Min and Max, refer to the minimum and maximum specified as the new values in the output range using the following equations:$$\begin{matrix}
{{Min} = \mu - \beta\ast\partial,} \\
\end{matrix}$$ $$\begin{matrix}
{{Max} = \mu + \beta\ast\partial,} \\
\end{matrix}$$where *μ* and ∂ are the mean value and the standard deviation of all pixel intensity values. The factor *β* is the contrast ratio percentage, which equals 1.5 in our experiments to control the percentage of contrast improvement. Figures [5(a)](#fig5){ref-type="fig"} and [5(b)](#fig5){ref-type="fig"} depict an example of experimental results for smoothed image and the contrast enhanced image, respectively.

3.3. Cavity Segmentation {#sec3.3}
------------------------

In recent years, image segmentation task has presented an important and challenging issue for most researchers in the field of diagnostics concerning heart abnormalities. In echocardiography, the main objective in most methods is to develop the segmentation process by distinguishing the image into distinct regions---blood pool (i.e., ventricular cavity) and myocardial wall. One of the most complex anatomical problems that can be observed in the RV cavity region is the heavily trabeculated wall which makes automatic segmentation of RV cavity a difficult task. Therefore, this Phase III includes two processing stages: generating intensity threshold and cavity surface smoothing.

### 3.3.1. Generating Intensity Threshold {#sec3.3.1}

One of the most common segmentation methods is thresholding, which used to separate the image with bimodal histogram into a foreground object region from the background. The basic key here is a threshold value which is generated for once in all frames that belongs to individual 3D dataset video. We use the $\overset{˙}{\acute{S}}$ matrix of the extracted ROI gradients to generate threshold value *τ* which is equal to the mean value of pixel intensities as follows: $$\begin{matrix}
{\tau_{\text{threshold}} = \frac{\sum_{i = 1}^{N}{\sum_{j = 1}^{N}{\overset{˙}{\acute{S}}\left( i,j \right)}}}{N^{2}}.} \\
\end{matrix}$$ Hence, a comparison operation was done automatically to each pixel\'s intensity value with threshold value *τ*. The resultant binary image *S*(*i*, *j*) was segmented into two regions, the white pixels with value 1 s or other convenient intensity level (i.e., 255) that correspond to the myocardial wall tissue, whereas the black pixels with value 0s correspond to the RV cavity.

### 3.3.2. Cavity Surface Smoothing {#sec3.3.2}

This stage is very important for two reasons: firstly, to fill gaps between muscle tissues that may appear within the cavity area, secondly, to improve the RV cavity shape by smoothing the inner surface border that is endocardium wall. Therefore, two morphological operators "erosion" and "dilation" were applied on the resultant binary image with structuring elements of size 3 × 3 pixels. In more detail, the erosion of *A* by the structuring element *B* is defined by *A*Θ*B*, and the dilation of *A* by the structuring element *B* is denoted by *A* ⊕ *B*. Hence, the morphological opening process is denoted by *AоB*, which is obtained from the erosion followed by dilation of the resulting image by B, as identified as follows: $$\begin{matrix}
{AоB = \left( {A\Theta B} \right) \oplus B.} \\
\end{matrix}$$ Accordingly, in each erosion step of *A*, if any neighbour pixel is white then the current pixel is set to white. Likewise, in each dilation step of *B*, if any neighbour pixel is black then the current pixel is set to black \[[@B32]\]. Note that in our experiments, three iterations of erosion followed by two iterations of dilation were found to be effective in obtaining good and accurate segmentation results for RV cavity.

3.4. Endocardial Contour Extraction {#sec3.4}
-----------------------------------

In echocardiography imaging, automatic extraction of the RV endocardial contour would improve the reliability of the quantitative analysis by eliminating manual tracing. The main goal is to automatically detect and extract the RV endocardial contour over a complete cardiac cycle through 4-slices of 3D echocardiography. Towards this goal, a robust hybrid method is proposed by combining a shape-based contour detection and an improved radial-search algorithm. This is an important contribution to this work, especially when RV endocardial contour is extracted accurately to be a useful diagnostic tool for assessing the RV systolic function qualitatively and quantitatively. The resultant binary-segmented image of RV cavity from the previous Phase III will be used to be the input image for this Phase IV.

### 3.4.1. Shape-Based Contour Detection {#sec3.4.1}

A shape-based contour detection algorithm is proposed to determine the maximum distance of the RV cavity diameters for each of the four parts individually. Therefore, the proposed algorithm ([Algorithm 1](#alg1){ref-type="fig"}) comprises two processing steps. The first step focuses on partitioning the RV cavity area into four parts: P1, P2, P3, and P4 according to the asymmetric shape as seen in [Figure 6(a)](#fig6){ref-type="fig"}. The second step was applied to compute the maximum distance of the RV cavity diameters in each part based on geometrical distances calculations from current RV cavity centre point to the inner surface boundary points as shown in [Figure 6(b)](#fig6){ref-type="fig"}. Then, these four maximum distances will be used as input parameters for the next task of RV endocardial contour extraction. The pseudocode of shape-based contour detection is presented in [Algorithm 1](#alg1){ref-type="fig"}.

### 3.4.2. Improved Radial Search Algorithm {#sec3.4.2}

The main objective of this stage is to accurately extract the RV cavity from the background by estimating the actual boundary of the endocardial wall. The radial search algorithm was improved based on the maximum distance value of each part in the RV cavity. It works through circularly scanning the ROI in clockwise fashion to detect the RV cavity boundary. Accordingly, the RV cavity is segmented from the background according to the detected contour points. In order to compute the new RVCCP, the mean value of the *x*-*y* coordinates for segmented RV cavity area is calculated and considered as the new cavity centre point. Thus, this new RVCCP will be used as the reference centre point for the RV cavity in the next frame. The improved radial research algorithm largely depends on the precise results of edge detection for RV endocardial. Finally, the extracted endocardial contour is superimposed on the original 3D echocardiography image. The implementation steps of the improved radial search algorithm ([Algorithm 2](#alg2){ref-type="fig"}) based on maximum distance for each part of RV cavity which is obtained from [Algorithm 1](#alg1){ref-type="fig"} are illustrated in [Algorithm 2](#alg2){ref-type="fig"}.

The proposed hybrid method implementation will be repeated for all frames through the 4-slices. The resultant images for each slice are stored in specific folders individually. [Figure 6](#fig6){ref-type="fig"} demonstrates the schematic framework for the overall implementation steps of proposed hybrid method.

4. Experimental Results {#sec4}
=======================

In this study, all datasets were used from a Malaysian hospital, IJN, using the "Philips" medical system with a matrix array X2-7t transducer (TEE). Sixteen datasets pertaining to four patients were acquired from 3D echocardiography full volume encompassing the right ventricle in 4-slices of long-axis view. Two datasets have a clear RV cavity unlike the other two, which have a complex anatomy of the RV cavity including papillary muscle and trabecular tissue. Accordingly, the proposed approach was implemented using echocardiography videos (i.e., four slices in long-axis view per patient with total frames of 216). The spatial dimensions for each image are 1024 × 760 pixels in width and height, respectively. The accuracy of the experimental results obtained by our semiautomatic method for RV cavity segmentation depends on whether the true endocardial contour was extracted successfully and effectively over a cardiac cycle. Moreover, the RV cavity area was considered as the total number of pixels within the cavity region based on the extracted RV endocardial contour. Then, the maximum and minimum areas were determined automatically and, respectively, considered as end-diastolic area (EDA) and end-systolic area (ESA). In [Figure 7](#fig7){ref-type="fig"}, the experimental results by the proposed method for the segmented RV cavities are presented using 1st slice (patient number 1) from 3D dataset and labelled with dashed red border at EDA and ESA, respectively.

As mentioned in [Section 1](#sec1){ref-type="sec"}, manual tracing for RV endocardial contour through a complete cardiac cycle is a tedious and time consuming task which often requires several minutes to perform for each frame. In many cases, time is a crucial factor when assessing the ventricular function abnormality based on specialist decisions. Two examples of clear and complex RV anatomy from 3D dataset in 4-slices with a total of 80-frames are being traced. [Table 1](#tab1){ref-type="table"} illustrates the time taken for manual tracing the RV endocardial contour by the specialist without adjustments racing for each dataset. It can be noted from [Table 1](#tab1){ref-type="table"} that the time required varies according to the anatomical complexity of the dataset as well as the total number of frames in each 3D dataset. On the other hand, the processing time for automatic-tracing using the proposed method was approximately 12 seconds per frame, thereby saving the processed image for each stage, and could be less when the RV cavity area has a greater clarity in the tissue structure. Therefore, the automatic-tracing of RV endocardial contour by the proposed method is faster than manual-tracing method and highly desirable to support the assessment processes of RV function abnormality, in particular with accurate and reliable results.

4.1. Quantitative Evaluation Measures {#sec4.1}
-------------------------------------

The performance of the proposed semiautomatic method depends on the successful extraction results for the RV endocardial contour over a complete cardiac cycle. In our work, the experimental results of RV endocardial contour extraction were evaluated quantitatively by comparing the automated results through all frame sequences versus the ground truth results which were manually marked/annotated by the specialist (Consultant Cardiac Anesthesiologist). Therefore, four quantitative metrics were used and explained in details as follows.

\(1\) Root mean square distance (RMSD) measures the root mean square distances between paired contour points \[[@B33]\]. Here, it is used to compare the experimental results of the RV endocardial contour that is obtained by the proposed automatic extraction method with those obtained from the manually traced contours (ground truth) by the specialist. [Figure 8](#fig8){ref-type="fig"} demonstrates several examples of paired manual-to-automatic results through 4-slices at different frames over a complete cardiac cycle.

For both methods, the RV contour points are saved in two scalars *C* and $\acute{Ç}$, respectively. In this context, the RMSD was measured based on the distance calculation as in the following formula: $$\begin{matrix}
{\text{RMSD} = \sqrt{\frac{1}{N}^{\,\,}{\sum\limits_{i = 1}^{N}\text{distance}}\left( {C_{i},{\acute{Ç}}_{i}} \right)},} \\
\end{matrix}$$ where *N* is the length in pixels of each contour which is equal to 360 points in our implementation. Each contour point has *x*, *y* coordinates as {(*x* ~*j*,1~, *y* ~*j*,1~), (*x* ~*j*,2~, *y* ~*j*,2~), ..., (*x* ~*j*,*n*~, *y* ~*j*,*n*~)}, where the distance has been calculated by Euclidian distance using the following formula: $$\begin{matrix}
{\text{distance}\left( {{C_{i}}_{},{\acute{Ç}}_{i}} \right) = \left( {{xC}_{i} - x{\acute{Ç}}_{i}} \right)² + \left( {{yC}_{i} - y{\acute{Ç}}_{i}} \right)².} \\
\end{matrix}$$ [Figure 9(a)](#fig9){ref-type="fig"} depicts an example of the manual-to-automatic contours with identified RVCCP. The comparative analysis of the paired contours are done using the polar format based on the radial distances started from 0° to 360° for each contour as shown in [Figure 9(b)](#fig9){ref-type="fig"}.

\(2\) Dice similarity coefficient (DSC) is one of the common metrics used for evaluating the segmentation results by comparing the area of the segmented object against the reference. In particular, it measures the overlap between two segmented areas of the RV cavity. Consider that *R* ~*M*~ is the ground truth area that is manually drawn by the specialist and *R* ~*A*~ is the area obtained automatically by our proposed method; then the measure is given as follows: $$\begin{matrix}
{\text{DSC}\left( {R_{M},R_{A}} \right) = \frac{2\left( {R_{M} \cap R_{A}} \right)}{R_{M} + R_{A}},} \\
\end{matrix}$$ where ∩ represents the intersection between the two overlapping areas of RV cavity regions *R* ~*M*~ and *R* ~*A*~. The Dice coefficient gives a measure value between 0 (no overlap "total mismatch") and 1 (full overlap "perfect match") \[[@B34]\]. Based on the DSC value, the similarity between the *R* ~*M*~ and *R* ~*A*~ can be defined as a percentage.

\(3\) Area error metrics are used for measuring the area error of the segmented RV cavities by comparing the results of our proposed automated method *Ω* ~*A*~ versus the ground truth method *Ω* ~*B*~. The RV cavity area *Ω* ~*B*~ for each frame in a complete cardiac cycle has been measured by "area plug-in" function from QLAB software using manual tracing of the endocardial contour by the specialist. This process has been repeated for the entire 3D echocardiography datasets used for comparative analysis. Hence, two measures were used, namely, percentage of true-positive area (PTP) and percentage of false-positive area (PFP), which can be defined as follows \[[@B35]\]: $$\begin{matrix}
{\text{PTP} = \frac{\text{Area}\left( {\Omega_{A} \cap \Omega_{B}} \right)}{\text{Area}\left( \Omega_{A} \right)}\%,} \\
{\text{PFP} = \frac{{\text{Area}\left( \Omega_{A} \right) - \text{Area}\left( {\Omega_{A} \cap \Omega_{B}} \right)}_{}}{\text{Area}\left( \Omega_{B} \right)}\%.} \\
\end{matrix}$$

[Table 2](#tab2){ref-type="table"} summarizes the comparison analysis for the proposed method performance using these four quantitative measures (RMSD, DSC, PTP, and PFP), which are presented in terms of Mean ± SD. It can be noted the set number 1 for all slices have the higher values of PFP among other dataset. In particular, slice 2 from this dataset has the maximum value 11.37 ± 6.30 of PFP. This result has been obtained due to inaccurate manual tracing for RV endocardial contour of some frames. For the overall dataset, the distance error of the RV endocardial contour in the paired manual-to-automatic by RMSD measure was 2.21 ± 0.35 (mm) and the RV cavity area has 87% similarity with DSC. The PTP results show that the proposed approach performs efficiently in all dataset with overall performance of 95%. The statistical comparative analysis with standard error bars for the RV cavity area measurements (in cm^2^) through 4-slices between the proposed method *R* ~*A*~ and the manual method *R* ~*M*~ is presented in [Figure 10](#fig10){ref-type="fig"}. Furthermore, the linear regression analysis between the two methods---*manual*and*automatic*is demonstrated in [Figure 11](#fig11){ref-type="fig"}. The total 3D echocardiography images used are 216 for RV area measurements in both method that indicated by blue circles. It can be noted for both methods, the spread of the values is relatively low, demonstrating that inaccurate segmentation results does not have much influence in the RV area measurements. It can also be seen from figure, the regression coefficient is good and the comparative analysis showed a close relationship (*r* = 0.92) between manual and automatic methods.

5. Discussion and Conclusion {#sec5}
============================

In this paper, a robust method of RV endocardial contour extraction was presented through four major processing phases on 3D echocardiography dataset. The overall framework presents a semiautomatic method for RV endocardial contour extraction with very minmal user interaction required, except for selecting the initial RV cavity centre point at first frame, that is, end-diastolic. The RV endocardial contour in all frames was extracted automatically using a robust combination of shape-based border detection and improved radial search algorithm. It should also be noted that this hybrid method is independent for extracting the RV endocardial contour without prior shape knowledge over a complete cardiac cycle. One limitation is that it did not show optimum results for RV cavity segmentation in special cases with poor image quality and heavy trabeculation of the RV wall tissue. The proposed method has been implemented efficiency for 3D echocardiography dataset using a computer, Microsoft Windows 7 with 4-GHz CPU speed. Thus, as mentioned earlier, the computation time is approximately 12 s for each frame, thereby saving the processed image for each stage. On the other hand, further quality improvements of acquired images might yield more accurate and reliable segmentation results for RV cavities, especially in the comparative analysis over a complete cardiac cycle. Although our proposed method was applied on 4-slices per patient, which were cropped automatically using the "2 × 2 iSlices" plug-in by QLAB software, it is also possible to obtain 3 × 3 or 4 × 4 slices; this is planned for future work.

The proposed method comprises four major phases of image processing and analysis. The combination of these steps is the main contribution of the proposed work. The ROI, that is, the closest region of the RV cavity area, was determined precisely through an automatic process based on the cavity centre point identification and geometrical distance calculation. The proposed method works well despite the anatomical complexity for RV cavity with papillary muscles. Hence, the ROI of RV cavity has been determined accurately and precisely through complete cardiac cycle. The contrast enhancement is important step in our contribution because it is done automatically once to all dataset based on the percentage linear stretch method. This method was improved to control the image brightness by generating a contrast factor. In addition, the RV cavity area was segmented using the unique threshold value, which was generated automatically in the same way for all datasets, unlike most segmentation methods that need to use iterative processes for generating the desired threshold values. The overall results of the comparative analysis showed how important it is to extract the RV endocardial contour accurately to obtain more precise results, which might be a useful diagnostic tool for assessing the RV systolic function qualitatively and quantitatively. The experimental results accuracy of proposed method has 95% of PTP and has 87% similarity to the ground truth results. The distance error measure of RMSD for RV endocardial contour in terms of mean ± SD was found to be 2.21 ± 0.35 mm. Therefore, our proposed method can be considered as a robust method for RV endocardial contour extraction, and, to our knowledge, in recent research it is the first work to extract the RV endocardial contour and to automate the use of 3D echocardiography full volume dataset in the field of CAD. Therefore, automated contour extraction would improve the reliability of the quantitative analysis by eliminating the subjectivity of manual tracing. In particular, it could also be a significant prognostic factor in regional ventricle abnormality, congenital heart disease, and cardiac surgery.

The authors would like to thank Dr. Lim Bee Chain and Dr. Ika Faizura (Consultant and Clinical Cardiologists in National Heart Institute, IJN, Malaysia) and Mrs. Norlaila Bt. Danuri (Cardiac Technician in Cardiology Unit, PPUKM Hospital, Malaysia) for their valuable assistance in evaluating the experimental results of our proposed method by visual observation. Also, special thanks are due to Mr. Deventhiran P. Permal (Senior CVT Mentor, Institute Jantung Negara (IJN), Malaysia) for his useful help in obtaining the RV cavities area measurements by manual tracing for endocardial contours.

Conflict of Interests
=====================

The authors declare that there is no conflict of interests regarding the work presented in this paper.

![3D echocardiography dataset preparation including 3DE full volume acquisition (a) and 4-slices encompassing the RV of long-axis view using MPR mode in 3D QLAB software (b).](ABI2014-207149.001){#fig1}

![The schematic framework of the proposed method for RV endocardial contour extraction.](ABI2014-207149.002){#fig2}

![RV end-diastolic frame with initial RVCCP and initial ROI (a), RVCCP with 8-neighbours (b), and geometrical eight-distances of RV cavity diameters (c).](ABI2014-207149.003){#fig3}

![Automatic ROI identification of 1st slice through complete cardiac cycle.](ABI2014-207149.004){#fig4}

![Smoothed image by Gaussian filter (a) and contrast enhanced image by improved method (b).](ABI2014-207149.005){#fig5}

![The schematic framework of implementation steps for the proposed hybrid method for RV endocardial contour extraction.](ABI2014-207149.006){#fig6}

![The final results of segmented RV cavities based on endocardial contour extraction over complete cardiac cycle with red border labelled at ED and ES, respectively.](ABI2014-207149.007){#fig7}

![The results of paired-contours of RV endocardial in 4-slices at different frames over complete cardiac cycle by manual-traced (yellow) and automatic-extracted (red).](ABI2014-207149.008){#fig8}

![An example of manual-to-automatic contour extraction (a) and the comparative analysis based on the radial distances from RVCCP (b).](ABI2014-207149.009){#fig9}

![The comparative analysis of RV cavity area measurements in 4-slices through complete cardiac cycle using automatic and manual methods.](ABI2014-207149.010){#fig10}

![Linear regression plot of comparative analysis for RV cavity area measured in cm^2^ by manual and automatic methods.](ABI2014-207149.011){#fig11}

![Shape-based contour detection.](ABI2014-207149.alg.001){#alg1}

![Improved radial search method.](ABI2014-207149.alg.002){#alg2}

###### 

Total time taken in minutes:seconds to manually trace the RV endocardial contours.

  -------------------------------------------------------------------------------------------------------------------------------
  Dataset of 3D echo images *N* = 80   Slice 1           Slice 2           Slice 3           Slice 4           Total time
  ------------------------------------ ----------------- ----------------- ----------------- ----------------- ------------------
  Set number 1\                        5:28 (*n* = 12)   4:35 (*n* = 12)   3:42 (*n* = 12)   3:00 (*n* = 12)   16:05 (*n* = 48)
  Clear RV cavity                                                                                              

  Set number 2\                        6:02 (*n* = 8)    5:30 (*n* = 8)    5:00 (*n* = 8)    3:55 (*n* = 8)    20:27 (*n* = 32)
  Complex RV cavity                                                                                            
  -------------------------------------------------------------------------------------------------------------------------------

###### 

Quantitative evaluations for experimental results of RV endocardial contour extraction using manual-to-automatic comparison.

  3D-echo data Total *n* = 216   4-slices      RMSD          DC             PTP (%)         PFP (%)
  ------------------------------ ------------- ------------- -------------- --------------- -------------
  Set number 1 (*n* = 48)        S1            1.62 ± 0.24   0.94 ± 0.02    92.20 ± 3.17    8.40 ± 3.90
  S2                             1.81 ± 0.30   0.94 ± 0.03   89.90 ± 6.30   11.37 ± 6.30    
  S3                             2.02 ± 0.41   0.92 ± 0.02   90.32 ± 3.55   10.45 ± 4.46    
  S4                             2.29 ± 0.42   0.92 ± 0.01   90.70 ± 3.10   9.83 ± 3.82     
                                                                                            
  Set number 2 (*n* = 68)        S1            2.54 ± 0.38   0.88 ± 0.03    97.85 ± 0.54    1.80 ± 0.56
  S2                             3.16 ± 0.29   0.83 ± 0.02   98.19 ± 0.31   1.35 ± 0.26     
  S3                             2.36 ± 0.32   0.86 ± 0.02   97.92 ± 1.11   1.71 ± 1.14     
  S4                             2.34 ± 0.38   0.88 ± 0.03   97.80 ± 0.58   1.82 ± 0.60     
                                                                                            
  Set number 3 (*n* = 56)        S1            2.25 ± 0.39   0.80 ± 0.04    97.40 ± 1.60    2.04 ± 1.49
  S2                             2.43 ± 0.30   0.83 ± 0.02   98.30 ± 0.29   1.27 ± 0.26     
  S3                             2.74 ± 0.28   0.80 ± 0.05   98.35 ± 0.26   1.20 ± 0.31     
  S4                             2.82 ± 0.43   0.82 ± 0.03   98.21 ± 0.27   1.30 ± 0.28     
                                                                                            
  Set number 4 (*n* = 44)        S1            1.30 ± 0.21   0.92 ± 0.01    96.87 ± 1.01    2.86 ± 0.99
  S2                             1.78 ± 0.20   0.89 ± 0.02   94.70 ± 3.34   5.51 ± 3.51     
  S3                             2.07 ± 0.24   0.87 ± 0.02   92.75 ± 3.73   6.78 ± 3.79     
  S4                             1.93 ± 0.28   0.88 ± 0.03   91.45 ± 4.05   8.45 ± 4.49     
                                                                                            
  Overall                                      2.21 ± 0.35   0.87 ± 0.026   95.59 ± 1. 75   4.37 ± 1.94
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